The search for permanent electric dipole moments

Klaus Kirch
PSI-Villigen - ETH Zirich

Permanent electric dipole moments (EDMs) of fundamental systems
with spin - particles, nuclei, atoms or molecules violate parity and time
reversal invariance. Invoking the CPT theorem, time reversal violation

implies CP violation. Although CP-violation is implemented in the
standard electro-weak theory, EDM generated this way remain
undetectably small. However, this CP-violation also appears to fail
explaining the observed baryon asymmetry of our universe.
Extensions of the standard theory usually include new sources of
CP violation and often predict sizeable EDMs. EDM searches in
different systems are complementary and various efforts worldwide
are underway and no finite value has been established yet. The
prototype of an EDM search is the pursuit of the EDM of the neutron.
It has the longest history and at the same time is at the forefront of
present research. The talk aims at giving an overview of the field with
emphasis on our efforts within an international collaboration at PSI,
nedm.web.psi.ch.
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EDM

B Molecules Rough estimate of numbers
worldwide : of researchers, in total
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Nature has probably violated CP when
generating the Baryon asymmetry !?

- "Observed *:
~ (ng-ng)/n,=6x 107

" 'SM expectation :
| I_(anng) 0, 55 1+O'18

:

Sakharov 1967:
B-vielation . G R + ' * WMAP + COBE, 2003
C-& CP-violation =s= e B s, ng/n, = (6.1+93) x 1010.
noh-eguilibrium P L

' (6.19£0.15) x 1010
[JETP Lett. 5 (1967) 24] o DR | [E-Komatsu et al. 2011 ApJS 192]




EDM and symmetries

o g

A nonzero particle EDM

violates P, T and, assuming
CPT conservation, also CP

Purcell and Ramsey, PR78(1950)807; Lee and Yang; Landau

T
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EDM and symmetries

—

H= —(dg E + pg B
G G

E B
A nonzero particle EDM

violates P, T and, assuming
CPT conservation, also CP

Purcell and Ramsey, PR78(1950)807; Lee and Yang; Landau
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Today’s most spectacular (Standard) Particle Physics:

Direct production of new particles ...

and detection of
t decay products

... at the energy frontier: LHC - 14 TeV

T
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A complementary approach:

Effects of new particles in loops ...
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... can be measured best when the
expected contribution Is small.

or very well known.
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A complementary approach:

Effects of new particles in loops ...
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... can be measured best when the
expected contribution Is small.

or very well known.

Precision frontier - high mass scales

T
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Standard Model EDM-expectations?

B Leptons: electroweak negligible

E Neutron, proton, nuclei:
electroweak negligible, strong?

T
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Standard model lepton EDM s

Fourth order electroweak,

{d
LU jnu u u
¥ ;h . X - A —’j{
P w._ Dp+g Y v
(a) (b} (c) (d)
, ‘ d d
v Yd ' d
o J} Y 4 ir )
Tv v v Y,
(f) (g) (h) (i)

F. Hoogeveen:

The Standard Model Prediction for the
Electric Dipole Moment of the Electron,
Nucl. Phys. B 241 (1990) 322

&

{j)

Fig. 4. The ten diagrams which contribute to the edm of the electron. The internal wavy lines are

W-propagators.

... + new physics?
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Standard model lepton EDM s

F. Hoogeveen:

Fourth order electrowe ak, The Standard Model Prediction for the

Electric Dipole Moment of the Electron,
Nucl. Phys. B 241 (1990) 322

(c) {e)

Completely negligible at any
experimental sensitivity we
can imagine today!
‘ d

A
{

he ten diagrams which contribute to the edm of the electron. The internal wavy
W-propagators.

Much greater sensitivity to
new, CP-violating physics!
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Standard model lepton EDM s

E. Hoogeveen:

Fou rth O rd er e I eCtrOweak, The Standard Model Prediction for the

Electric Dipole Moment of the Electron,
Nucl. Phys. B 241 (1990) 322

Expect from SM,
y / \u| approximately:
) / d.< 1038 e.cm
< 1036 a.
Completely negligible at any du_ 10 e.cm

experimental sensitivity we d, < 107 e-cm
can imagine today!

d d o
! | j ; Experimentally so far:
¥
. v Nd,<1x10? e.cm
(h) (i)

d,<2x107"° e.cm
#The ten diagrams which contribute to the edm of the electron. Th dT< 3 X 10'17 e.CIm

W-propagators. ~

Much greater sensitivity to
new, CP-violating physics!
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Neutron: Standard Model prediction

- electroweak -
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d,~ 10" — 10 e em

[Khriplovich & Zhitnitsky ‘86]
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Neutron: Standard Model prediction

_ | Expect from
° | electro-weak SM,
approximately:

: / d, <1032 e.cm

~ Completely negligible at any
experimental sensitivity we _
can imagine today! Experimentally so far:

d <3 x 1020 e.cm

n

+ [7]

i
-

d,~ 1072 =10 ¢

[Khriplovich & Zhitnitsky ‘86]
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The strong CP problem

Loco = LS5 + 9%/(32T8) 8,c,GG
d,=10¢ e cm - B¢

Oocp < 1010

-
i
™
PR
- =
-
- ~
~
\
A
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n ! p ' n
- - - 5} -

Why is B,cp so small ?

here, e.g.,d,=-d, and d,~ 1/3d,

ETH Klaus Kirch Fe

[e cm]

Experiment

aono

1E—191

Smith, Purcell, Ramsey

10-20 PR108(1957)120
1 E-21 —;
3
O yEp224
2. =
E
— 1E23+
5 E
o) v
- 3
1 E-24 -
3 f o
L )
ieo5 4 | RAL-Sussex-ILL
1] d,<2.9x10%°e cm
C.A.Baker et al.,
10-26 PRL 97 (2006) 131801
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The SUSY CP problem

[e cm]
(for neutron and electron!) e
- "
d. =~ 1023 (300 GeV/cZ)Z - 10-%0
n"=~ ecm\— SINQsysy
SUSY i
1E21 %
Why is (s mall ?| %
y is P55y SO Sma .
(this is testing M already to 10TeV and you :
may also ask: why are the masses so huge?) £ 1
— 1E23+4
@ 3
0.4 o
o
T1 n =
0. S 1E-24
&)
eA o L
n 1E-26 4+—3 :
-0.4 -26 v |
He 6y 10 |
o D - n I 1860 1970 1980 1990 |
Pospelov, Ritz, Ann. Phys. 318(2005)119 1950 o 2000
for Mgysy = 500GeV, tan B = 3 Year of Publication
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Energy

A

TeV —

QCD —

/)
nuclear -

Origin of EDMSs

(&mental CP—-odd phases

\ nuclel and 1ons

This is what we need

CQQ

C

neutron & proton EDMs

1
|
1
1
1
1
1
1
Y v
EDMs of

v | (deuteron, etc)

Adapted from:

> i ! —\

olid state EDMs of paramagnetic

EDM effects | . atoms & molecules ~ EDMs of
GdIG,GdYIG, TI,.Cs..,YbF, diamagnetic atoms
(EU,Ba)TiO, PbO,ThO,HfF*,WC.. Hg, Xe, Ra, Rn ..
ETH

Pospelov, Ritz, Ann. Phys. 318 (2005) 119
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.
Solid state

EDM effects >

e GdY G, |

(EU,Ba)TiO,

nuclear —
/7

| K

atomic

Origin of EDMs

Energy /
fundamental CP—odd phases

TeV —

This is what we need

[ 6.dgdgw |

>
‘ 8NN \ {_neutron & proton EDI\@

|

|

|

|

|

1

|

1 e ——

v I
[~ N
EDMs of

-lei and ions >
nklléu%;gln,%/ These we can access

EL
atoms & molecules

EDMs of

diamagnetic atoms

PbO, ThO,HfF*WC..

Adapted from:
Pospelov, Ritz, Ann. Phys. 318 (2005) 119
Klaus Kirch  Fermilab, February 13, 201 M. Raidal et al., Eur. Phys. J. C 57 (2008) 13



Origin of EDMs

Energy
A fundamental CP—odd phases
TeV ——
\ This is what we need
dy CP-violating
QCD _\ parameters:
should be
deduced
1 —r— L~
e ear/, < L neutron & proton EDI\@
— A/< IEIDMsdof\> !
y N \ nuclel and 10ns
/ / \L Ldeuieron, oo These we can access
- — \y/ \\\‘
Solid state > “EDMs of paramagnetic
EDM effects /.. atoms & molecules ( EDMs of
W Cs— : diamagnetic atoms
(EU,Ba)TiO, PbO, ThO,HfF+WC..

Adapted from:
Pospelov, Ritz, Ann. Phys. 318 (2005) 119
ETH Klaus Kirch  Fermilab, February 13, 201 M. Raidal et al., Eur. Phys. J. C 57 (2008) 13




Origin of EDMs

... of mostly composite systems!

Energy / -
A fundamental CP—odd phases
TeV —3— K

Direct limits / %
Active R&D 2\
Qb |- | de \ ]
R “eCaq

nuclear/r— \\ ‘ 8 NN \ | proton EDMs \
\ * (\

. EDMs of ; ((\
y ‘. | nucleiand ions 6‘\

~
.
-~
-

(deuteron, etc)

i ! SR s,Q
Solid state EDMSs of paramagnetic 6
EDM effects | . atoms & molecules ~ EDMs of
GdIG,GdYIG, TI.Cs ]I, YbF diamagnetic atoms
(EU,Ba)TiO, Fr,PbO, ThO,HfF*,WC.. Hg, XejRa, Rn ..
Adapted from:
Pospelov, Ritz, Ann. Phys. 318 (2005) 119
ETH Klaus Kirch  Fermilab, February 13, 201 \, Raidal et al., Eur. Phys. J. C 57 (2008) 13



Jin of EDMSs

il CP—odd phases

State of the art

neutron d, <2.9x10%°ecm PRL97(2006)131801
| Hg-199 d, <3.1x102ecm PRL102(2009)101601

Hg
-> dIO <8x102% e cm*
B Xe-129 dXe <6 x102"e cm PRL86(2001)22
B

T-205 dy <9x102°ecm

<> d, <1.6x102%"ecm* PRL88(2002)071805
B YbF - d, <1.05x10?%"ecm* Nature473(2011)493
E muon d,<18x10"%ecm PRD80(2009)052008

9 dq dq w ]

, ,C
qe

|

|

|

|

|

; 5’RNN neutron proton EDMs

1

Y

EDM&. of

nuclei and ions

(deuteron, etc)

N

* using the ,1-miracle assumption’, i.e. no cancelations
with other CP-odd effects.

Only for one fundamental fermion, the muon,
a direct EDM-limits exist.

| EDMs of
Jliamagnetic atoms

Hg, Xe

Ra, Rn ..

The next ,simple‘ system is arguably the neutron.

ETH
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How to measure the neutron
(or other) electric dipole moment ?

i g ﬁ I hv,= 2 (uB+d, E)
hv, = 2 (uB- d,E)

hAv =4 d E
B() 'Bo |E |B0 IE
<S> =+1/2 e e e e h
hv(0) hv(TT) hv(Td) O-(d”) — 2G{ETW
<S>=-1/2 et mssee s sen e e e e e e e

T
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The Neutron

[Chadwick 1932]

+2/3 -1/3 +2/3

G e

n{u > u}p
-1/3 @ @ -1/3
* massive
e cOmposite B
* N0 net electric charge W ¢
e unstable

* Spin Y%, polarizable

e electric dipole: no, well... —
» electrically polarizable

o takes part in all interactions

ETH Klaus Kirch Fermilab, February 13, 2013 E@j 24



Ultra-cold neutrons

similar to ideal gas with temperatures of milli-Kelvin
move with velocities of few m/s

have kinetic energies of order 100 neV

strong magnetic gravitation
Fermi potential V V. =-uB V, =m,gh
300 neV 60 neV T-! 100 neV m-!
LV 3 3
B, < 300 neVv 5 T field -> 300 neV 3 m up ->300 neV

—
—
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Typical neutron experiments

Veny ~ 1000 m/s
tObS - 10_3 S

CN Beam

—
p~10%...10°cm3
possibly improved quality at new pulsed sources

UCN Storage
Viyen ~ 9 M/s

tObS —~ 102'103 S
s
p~10cm3

Improved density at new UCN sources

ETH Klaus Kirch Fermilab, February 13, 2013 E@j 26



Use UCN for nEDM search

B Statistics:
h

o(d )=
() 2Q0ETAN N
——

B Systematics:
Fe.g.vXxE effects

@? 'Ll
= 1
E B El B:vxﬁ
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The high intensity&precision frontier at PSI

Sl;aff ~1500 PY

el éxternally financed ~400 PY
»2PhD students ~300

..> 2000 external users

Budget ~320MCHF
;1@% particle physics related

Klaus Kirch Fermilab, February 13, 2013




The 590 MeV Ringcyclotror
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10 ¢ — =
NP =MW MYRRHA
O ESS O study
ps|HPer : planned
operatin
PSI @ SNS2 b .
SNS
1 LANSCEQ@SNS' @ PX-Linac 4
P = 100kw @ HPEE'Z
= TRIUMF (GEEW) power
£ @ RC3GeV
-4 I
=B @ CSNS P=10MW
Isis O
l CSNS' @ LP-SPL '-
(CERN)
O
. IPNS . 50GeV
0.01 s —
0.1 1 10 100
Ebeam (GeV]
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The intensity frontier at PSI: m, 1, UCN

Precision experiments with the lightest unstabIBe particles of their kind

The world’s most powe_rful =S B\A o FeaS|b|I|ty study for more than
proton beam to targets: £ i 10%0u%/s below 30 MeV/c: HiMB
o090 MeVx24mA=14MW v = 597 - | \

T— I )

\ ¥
“ M‘ . é
b ! 4
-

The world’s highest intensity
pion and muon beams, e.g.,
more than 1O8u+/s at 28 MeV/c

/| The new ultracold

neutron source,
ramping up, designed
for 1000 UCN cm-3

Swiss national laboratory with stronq international coll aborations
ETH Klaus Kirch Fermilab, February 13, 2013 Egj 31




High Intensity Proton accelerator & UCN Source

-}: 590 MeV Proton Cyclotron /4
> 009 2.2 .. 2.4 mA Beam Current

. (“performance improving consolidation”)

?’ i

Excellent performance of HIPA
and regular beam delivery to
~ UCN during many weeks in 2012

I

'[20.0 M| ACC Status | 12°C| Wed 17.0ct.2012 18:04:00
S <-12H : -6H : Now>
by T 1 f ot

Inj-2: production
Ring : production

4 SINQ : in operation

1 1P : Standby A0 OV
UCN : 4 sec pulses every 480 sec.

[

} Klaus

™ UCN-Source

—

Ultra Cold Neutron Source

- 1st test: 12/2010

- Safety approval: 06/2011

- UCN start 08/2011

- Improvements in cryo-system
during winter shutdown 11/12

- Reliable performance 2012

- UCN to nEDM 08-12/2012

-> intensity 90 times over 2010
-> expect another factor 10-30




The PSI UCN source

o 4 ‘

DLC coated
UCN storage vessel
height 2.5 m, ~ 2 m3

\

S
N
heavy water moderator
— thermal neutrons
3.6m3 D,O
SV-shutter

pulsed

1.3 MW p-beam
600 MeV, 2.2 mA,

1% duty cycle

Ultra Cold Neutron Source

e ®
L]
S

| cryo-pump

UCN guides towards
experimental areas
8.6m(S) / 6.9m(W)

cold UCN-converter
~30 dm3 solid D, at 5 K

spallation target (Pb/Zr)
(~ 8 neutrons/proton)

Klaus Kirch Fermilab, February 13, 2013






IERIE
U C N Ta n k Ultra Cold Neutron Source

December

delivery of tank:
Sept. 04, 2008
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HENES
VO I u I I l e Ultra Cold Neutron Source

G

UCN stc)re

>

an®

Yoo
¥ .
.
]

N o £ 4 R2o072010
DLC coating storage volume in mounting rack . storage volume & thermal shield
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Installation of SD, moderator unit |k s
5. November 2010

.~

ETH Klaus Kirch Fermilab, February 13, 2013
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Beam Intensity [mA]

A

Ultra Cold Neutron Source

UCN-Start Dec.16/17/22, 2010

1 MW UCN pulse

O I O N I oo Do

F— T T T e T

Klaus Kirch Fermilab, February 13, 2013
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Improvement since 2010

Achieved a factor of about 80-90. A factor of 10-30 left to go

1 06 _ | 1 1 1 | 1 ! 1 | 1 1 1 | 1 1 1 1 1 1 1 |
Normpulse Dec.2010
-8 ) Normpulse Nov.2011
8 : 6s kick with closed
Q ] storage vessel shutter
7] 4
=10 =
<) :
O 100
2] 15
et E |
c E
> ]
O 9 7
O10" -
prd ;
O 4
- E
' ‘ [ ] I I |
] T 1 T T T T

0 100 200 300 400 500
Time [s]

ETH Klaus Kirch Fermilab, February 13, 2013
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Routine operation in 2012

20.0 MW[ ACC Status | 12°C| Wed 17.0ct.2012 18:04:00

o <-12H  -BH Now>

2500

l i

1000

S00- 1]|

Fa u

Inj-2: production
Ring : production

SINQ : 1in operation

Ip Standby f:> delivered UCN
_UCN @ 4 sec pulses every 480 sec.

Klaus Kirch Fermilab, February 13, 2013
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Installing nEDM | . |
at PSIin 2009 | (& 1"

Coming from ILL
Sussex-RAL-ILL collaboration
PRL 97 (2006) 131801
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How to measure the neutron
(or other) electric dipole moment ?

i g ﬁ I hv,= 2 (uB+d, E)
hv, = 2 (uB- d,E)

hAv =4 d E
B() 'Bo |E |B0 IE
<S> =+1/2 e e e e h
hv(0) hv(TT) hv(Td) O-(d”) — 2G{ETW
<S>=-1/2 et mssee s sen e e e e e e e

T
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[K. Green et al, Nucl. Instr. Meth. A 404, 381 (1998)]
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= The T72- -pulses seen by CsM

1036 | | |
Close-up, n rf pulse
1030 . :
1034+~ Hg-199 i
1032 1028-' i
z
— 1030 , _
% 10266 -
@ 1028 € T typically 100-200s > ]
1026 .
neutron-1 neutron-2
1024 |
| ] | |
0 5 10 15 20

Klaus Kirch

Time (s)
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Figure 39: Visibility of the Ramsey fringe after 180s of free precession of UCN plotted versus vertical
magnetic field gradient extracted by a parametrization of the Cs magnetometer data as described
in the text (next-to-linear model). The red curve in (a) shows the case for Bg and the blue curve in
(b) shows the Bé,’ measurement, respectively. The expected G dependence could not be observed,
instead the depolarization of UCN with increasing gradient scales with |G]|.
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20E T\ N
a = 0.75(0.68) o(d, ) =4x10% ecm/cycle
400 s
E = 12kV/cm (8.3) (~ 2-3 x 102> ecm / day)
— -26
T = 150 s (2005) 3 x 102 ecm / day
=3x10%"ecm/year
N = 350'000 (8'000) 200 nights

hia ) " After 2 years*, statistics only
ain same rigures wi _ . _
E=10kV/cm, T=130s, 200s cycle d,=0:]d,] <4 x10% ecm (95% C.L.)

* 200 nights each
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Present best limit: d, < 2.9 x 1026 ecm

Sussex-RAL-ILL collaboration
C. A. Baker et al., PRL 97 (2006) 131801

NEDM collaboration nedm.web.psi.ch
14 groups, ~ 50 people

Moved from ILL to PSI March 2009 ;‘),

Data taking at PSI 2011 — 2014 .. (Phase II)
Sensitivity goal: 5x10%’ecm (95% C.L.)

" { Operation of new n2EDM apparatus 2012 —
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